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ABSTRACT 


The  dynamic  compressive  behavior  of  unidirectional  compos¬ 
ites  consisting  of  representative  continuous  and  discontinuous 
filament  reinforced  specimens  has  been  investigated.  Principal 
emphasis  has  been  placed  on  a  steel-epoxy  system  for  which  a  fab¬ 
rication  procedure  yielding  specimens  of  high  quality  and  con¬ 
sistency  has  been  developed.  Tests  at  various  strain  rates  were 
conducted  using  a  conventional  Tinius  Olsen  machine  and  a  Split 
Hopkinson  Pressure  Bar  System.  Results  indicating  the  influence 
of  volume  fraction  of  reinforcing  material  in  the  steel-epoxy 
specimens  on  strain  rate  sensitivity  are  obtained.  The  appar¬ 
ent  existence  of  a  transition  region  in  strain  rate  sensitivity 
as  the  volume  percent  of  reinforcement  increased  has  been  noted. 
Evidence  has  also  been  obtained  on  the  mode  of  failure  for  the 
steel-epoxy  specimens  as  a  function  of  strain  rate  and  volume 
percent  of  reinforcement.  For  the  Al-Al3Ni  specimens  a  shear 
mode  failure  based  on  rotation  and  lateral  motion  of  the  discon¬ 
tinuous'  reinforcements  was  observed  while  the  fiberglass  speci¬ 
mens  exhibited  a  brush-like  failure.  The  failure  characteristics 
of  composites  under  low  velocity  impact  were  studied  using  an  air 
gun  assembly  developed  under  this  program.  A  simple  method  of 
predicting  failure  modes  and  critical  velocities  from  the  strain 
rate  data  is  proposed  for  the  steel-epoxy  specimens,  comparisons 
of  the  theoretical  predictions  with  experimental  results  show 
good  agreement.  Further  correlation  of  the  terminal  ballistics 
behavior  of  composite  projectiles  with  their  dynamic  properties 
has  been  obtained  from  photographic  recordings  of  the  impact  event. 
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SECTION  I 


INTRODUCTION 


In  recent  years,  the  design  limitations  imposed  by  conven¬ 
tional  monolithic  materials  plus  the  potential  value  of  composite 
materials  as  improved  high-strength  structural  elements  have  led 
to  great  interest  in  composites.  At  present,  however,  there  exists 
only  a  limited  body  of  knowledge  of  the  basic  static  and  dynamic 
properties  and  failure  behavior  of  such  materials  to  support  ra¬ 
tional  design  for  various  service  conditions.  Nevertheless,  the 
promise  remains  high  with  the  limited  analytical  and  experimental 
evidence  available  indicating  that  through  the  emerging  inter¬ 
disciplinary  approach  to  materials  technology,  improvements  in 
weight  and  cost  effectiveness  using  composite  materials  should  be 
of  extreme  importance  in  the  future.  This  has  been  emphasized 
and  recognized  by  the  Air  Force  in  their  examination  of  the  role 
of  composite  materials  technology  during  the  next  two  decades  CO. 
Indeed,  the  rapidly  expanding  technology  of  multiphase  materials 
indicates  their  great  potential  as  tomorrow's  super  materials. 

Of  the  various  types,  fiber  reinforced  composites  of  both 
the  continuous  and  discontinuous  type  appear  to  be  of  primary 
interest  to  engineers  concerned  with  struct jral  applications.  The 
development  of  these  materials  requires  new  techniques  for  under¬ 
standing  and  evaluating  the  basic  material  properties  of  the 
constituents  individually  and  their  performance  in  composite 
systems.  This  is  fundamentally  important  since  new  design  consid¬ 
erations  demand  improved  analytical  models  and  experimental  data 
in  order  to  fully  exploit  the  potential  of  such  materials. 

As  in  other  areas,  the  use  of  composite  techniques  to  custom 
design  materials  for  particular  service  and  mission  ^requirements 
in  the  projectile  and  ballistic  impact  area  appears  promising. 

Thi  s,  xt  appears  that  the  important  material  properties  associated 
wi«  -he  terminal  ballistics  problem,  notably  hardness,  durability, 
tou  .mess,  strength,  could  be  optimized  by  suitable  selection  of 
composite  type  and  constituents.  However,  with  the  use  of  com¬ 
posites,  a  new  class  of  materials,  the  meaning  and  significance 
of  basic  materials  properties  may  be  changed  and  require  re- 
evaluation  in  the  light  of  the  unique  characteristics  of  composite 
materials.  For  example,  the  property  material  hardness,  which 
usually  is  measured  by  indentation  tests,  and  is  a  commonly  used 
parameter  for  determining  material  suitability  ior  ballistic 
design,  becomes  less  identifiable,  and  significant  for  a  composite 
material. 
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The  situation  outlined  led  to  the  present  effort.  Broadly 
speaking,  the  goal  of  the  effort  has  been  to  provide  basic  data 
on  the  dynamic  properties  and  fracture  characteristics  of  repre¬ 
sentative  composite  materials  which  contribute  to  the  evaluation 
of  their  suitability  and  potential  for  various  terminal  ballistics- 
oriented  missions.  Thus,  this  program  emphasized  the  terminal 
ballistics  problem  and  the  specific  interaction  between  projec¬ 
tile  and  target. 

In  the  terminal  ballistics  problem  the  impact  between  projec¬ 
tile  and  target  produces  complex  dynamic  stress  states.  These 
stress  states  change  rapidly  with  time,  and  a  given  material  ele¬ 
ment  is  likely  to  be  subjected  to  compression,  tension  and  shear 
stress  during  impact.  Clearly  no  one  material  or  design  can 
optimize  performance  under  all  of  these  load  combinations.  How¬ 
ever,  by  utilizing  the  flexibility  inherent  in  the  composite 
material  concept,  significant  improvements  over  the  performance 
of  monolithic  materials  should  be  possible. 

Due  to  their  promise  and  state  of  development  the  filament¬ 
ary  and  whisker  reinforced  subclass  of  composite  materials  was 
chosen  for  investigation.  The  reinforcing  elements  considered 
have  been  both  of  the  continuous  and  discontinuous  type,  placed 
in  organic  and  inorganic  matrix  systems. 

The  dynamic  and  fracture  mechanics  aspects  of  the  impact 
problem  are  interrelated,  in  that  knowledge  of  the  dynamic  mate¬ 
rial  properties  and  of  wave  propagation  are  essential  elements 
for  predicting  crack  initiation  and  propagation,  spalling  and 
associated  phenomena.  Thus,  in  order  to  determine  fundamental 
dynamic  fracture  characteristics  of  composites,  it  is  advantageous 
to  choose  experimental  geometries  of  considerable  simplicity.  For 
this  reason  in  the  present  investigation  cylindrical  geometry 
specimens  with  uniform  axial  fiber  reinforcement  have  been  selected 
for  study. 

The  present  program  has  sought  to  systematically  evaluate  the 
dynamic  deformation  and  fracture  behavior  of  several  representa¬ 
tive  whisker  and  filament  reinforced  composites.  The  reinforcing 
elements  selected  were  of  discontinuous  and  continuous  type  in 
representative  organic  and  inorganic  matrices.  The  particular 
composites  studied  were  steel  reinforced  epoxy,  fiberglass  re¬ 
inforced  polyester,  aluminum  nickel  reinforced  aluminum,  and 
tungsten  reinforced  copper.  Geometrical  variations  among  speci¬ 
mens  included  variable  fiber  diameter,  fiber  spacing  and  volume 
percent  of  reinforcement.  Included  in  the  results  is  a  qualitative 
description  of  the  fracture  phenomena  based  on  visual  observation 
of  the  impact  of  composite  projectiles  with  targets. 
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The  experimental  program  involved  low  strain  rate  compres¬ 
sion  testing  (in  the  order  of  105  to  10”*1  in/in/sec)  using  a 
Tinius  Olsen  Testing  Machine  and  high  strain  rate  testing  (in  the 
order  of  10^  in/in/sec)  conducted  with  a  Split  Hcpkinson  Pressure 
Bar  system.  For  the  ballistic  impact  testing  program,  an  air  gun 
assembly  has  been  fabricated  and  composite  projectiles  fired  at 
a  massive  elastic  target.  High  speed  photographs  using  an  image 
converting  camera  have  been  u3ed  to  provide  a  visual  observation 
of  the  dynamic  delamination  and  fracture  characteristics.  Speci¬ 
fic  results  of  the  program  include  qualitative  information  on  the 
nature  and  character  of  the  dynamics  fracture  plus  quantitative 
evaluation  of  the  influence  of  strain  rate,  specimen  geometry, 
reinforcement  spacing  and  density,  composite  component  property 
relations  and  estimates  of  resultant  energy  to  fracture. 
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SECTION  II 


TECHNICAL  BACKGROUND 


This  section  presents  a  brief  summary  of  the  composite 
field  as  it  relates  to  the  ballistic  impact  area  and  includes 
representative  references  to  information  complementing  the 
present  area  of  investigation. 

2.1  Types  of  Composite  Materials 

In  recent  years,  the  emergence  of  an  interdisciplinary 
approach  to  materials  technology  has  resulted  in  a  new  emphasis 
on  the  potential  value  of  multiphase  materials  as  improved  struc¬ 
tural  elements  [2-9j  .  Often  in  the  past,  work  on  composite 
materials  has  been  rather  specific  and  narrow,  primarily  because 
of  limited  structural  interest  and  a  lack  of  communication  of 
information  on  particular  composite  developments.  With  the 
current  laboratory  developments  of  selected  high-performance 
types  of  reinforcing  members,  the  conventional  limitations  of 
monolithic  materials  has  been  further  emphasized.  Thus  far  in 
the  emergent  technology  of  composite  materials,  primary  concern 
has  been  in  applying  the  appropriate  constituent  materials  in 
such  a  manner  as  to  meet  specific  design,  economic  and  service 
conditions . 

A  problem  which  arises  concerns  the  definition  of  a  composite 
material.  Any  monolithic  material  may  be  considered  as  a  compos¬ 
ite  material  at  a  particular  level  of  structural  modeling.  From 
a  mechanistic  viewpoint,  that  is,  a  macroscopic  level,  the 
interest  is  in  large  structural  forms  with  constituents  such  as 
particles,  flakes,  filaments  and  whiskers,  as  reinforcing  elements. 
Considering  the  above  remarks,  the  definition  as  posed  in  OJ  IS 
appropriate . 

"A  composite  material  is  a  material  system  composed 
of  a  mixture  or  combination  of  two  or  more  macroconsti- 
tuent.s  that  differ  in  form  and/or  material  composition 
and  that  are  essentially  insoluble  in  one  another." 

The  above  definition  establishes  the  variables  necessary  to 
clarify  the  useful  forms  of  structural  composites. 

Essential  to  this  understanding  is  knowledge  of  the  consti¬ 
tuent  members  which  form  the  composite  materials.  The  principal 
constituent  forms  that  are  presently  available  to  engineers  in 
developing  structural  composites  are  fibers,  particles,  flakes. 
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fillers,  laminates  and  matrix  materials.  The  matrix  material  is 
the  essential  bonding  constituent  which  gives  the  composite  its 
structural  shape. 

Important  to  all  composites  is  the  bonding  force  at  the  inter¬ 
face  between  reinforcing  material  and  matrix.  For  artificial  com¬ 
posites,  that  i*  those  composites  which  are  fabricated  by  place¬ 
ment  of  the  reipforcing  element  directly  into  the  matrix  material. 
The  interface  region  between  fiber  reinforcement  and  matrix  is, 
of  course,  an  area  of  principal  concern.  For  a  composite  of  the 
dispersion  hardened  and  eutectic  alloy  type,  the  reinforcing  el¬ 
ement  is  produced  by  metallurgical  processing,  thus,  the  problem 
associated  with  interface  bonding  becomes  a  control  parameter  of 
the  processing  technique. 

For  artificial  composites  the  constituent  materials  can  be 
inserted  in  the  matrix  in  two  ways.  One  is  a  regulated  or  re¬ 
peated  distribution  of  the  reinforcing  phase  and  the  second  is  an 
irregular  or  random  distribution  of  the  reinforcing  material.  The 
reinforcing  materials  involved  may  be  either  of  tne  continuous  or 
discontinuous  type  in  the  modeled  system. 

The  above  qualitative  descriptions  of  composite  distribution 
lead  naturally  to  different  macroscopic  quantitative  mathematical 
modeling.  In  particular,  these  material  distributions  admit  the 
following  mathematical  models: 

1)  homogeneous-isotropic 

2)  homogeneous-anisotropic 

3)  nonhomogeneous-isotropic 

4)  nonhomogeneous -an isotropic 

For  particular  classes  of  composites  each  of  the  above  macro¬ 
scopic  models  may  provide  a  suitable  quantitative  description  for 
analytical  purposes.  For  example,  in  considering  monolithic  ma¬ 
terials  we  can  assume  the  material  to  be  homogeneous  and  isotropic. 
This  is  permissible  since  the  level  of  mathematical  modeling  is 
macroscopic  and  the  statistical  distribution  of  grains  is  unor¬ 
dered.  On  the  other  hand,  for  materials  possessing  a  gradient  in 
the  distribution  of  reinforcing  elements,  the  material  may  be  con¬ 
sidered  nonhomogeneous  and  isotropic.  Another  permissible  model 
occurs  if  the  material  of  the  reinforcing  phase  is  placed  in  an 
irregular  but  oriented  manner,  as  for  example  in  a  unidirectional 
way.  The  composite  may  then  be  modeled  as  being  homogeneous  and 
anisotropic.  A  combination  of  either  of  the  latter  two  types  of 
composites  leads  to  a  mathematical  model  which  is  nonhomogeneous 
and  anisotropic . 
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The  types  of  composites  that  are  available  for  structural 
members  fall  into  three  broad  classes.  These  general  classes  are: 

1)  Laminar  composites,  consisting  of  layered  or 
laminar  constituents,  including  sandwich  type 
materials . 

2)  Particulate,  flake  like,  and  skeletal  composites. 

Included  in  this  group  may  be  skeletal  matrix  < 

materials,  dispersion  strengthened  materials  and 
materials  which  may  or  may  not  have  appropriate 
binding  matrices. 

3)  The  fiber  reinforced  composites  consisting  of 
discontinuous  or  continuous  fibers  with  or  with¬ 
out  an  appropriate  binding  matrix. 

The  behavior  of  these  composites  depends  on  the  overall  con¬ 
stituent  properties  of  the  reinforcing  phases  and  on  such  geomet¬ 
rical  quantities  as  shape  and  arrangement  of  constituents  and  the 
interaction  between  the  constituent  and  binding  matrix.  Clearly, 
compared  to  monolithic  materials,  there  are  a  larger  number  of  de¬ 
grees  of  freedom  of  the  system,  necessitating  specification  of 
many  parameters  in  order  to  establish  overall  material  response. 
However,  it  is  just  this  high  level  of  flexibility  and  freedom 
which  permits  great  versatility  in  ultimate  material  design  and 
performance .  ' 

Prediction  of  composite  behavior  may  be  based  on  several  as¬ 
sumed  constituent  interaction  modes.  One  method  is  to  consider 
the  individual  contributions  of  each  of  the  constituents  in  a 
summation  fashion.  That  is,  the  ultimate  behavior  of  the  compos¬ 
ite  is  projected  by  individually  adding  the  performance  character¬ 
istics  of  the  reinforcing  and  bonding  phases.  Another  approach 
is  to  consider  that  the  individual  elements  complement  each  other 
in  predicting  the  overall  material  response.  Such  materials  may 
use  one  phase  for  one  type  of  performance  while  the  other  pha,se 
may  be  utilized  for  another  service  condition.  An  example  of  such 
a  system  is  a  clad  material  in  which  the  thin  surface  layer  may  be 
selected  for  electrical  characteristics  while  the  interior  metal 
is  used  as  a  structural  load  carrying  material.  The  third  possi¬ 
ble  approach  results  from  considering  the  constituents  as* supple¬ 
menting  the  individual  material  properties  of  other  constituents.  i 

For  this  type  composite,  mechanical  properties  can  be  obtained 
which  are  different  than  those  of  either  of  the  constituent  mater¬ 
ials.  • 


6 


The  most  important  of  the  above  mentioned  composites,  which 
has  received  considerable  attention  in  recent  years,  is  the  fiber 
reinforced  type.  The  ultimate  promise  of  ouch  materials  for  high 
performance  structural  elements  is  presently  being  developed.  In 
this  discussion  only  those  fiber-type  composites  which  have  a 
binding  matrix  are  considered,  thus  omitting  textile- type  materials. 

Many  factors  contribute  to  the  performance  of  fiber  matrix 
composites.  Some  of  the  most  important  of  these  are  fiber  ori¬ 
entation,  length  (continuous  or  discontinuous  filaments)  shape 
(circular,  rectangular,  etc.),  material  of  the  fibers,  properties 
of  the  matrix  and  the  structural  integrity  of  the  bond  between 
the  reinforcing  phase  and  the  matrix  material.  Bond  performance, 
in  turn,  is  dependent  on  chemical  compatibility,  mechanical 
compatibility  due  to  stresses  resulting  from  difference  in  thermal 
expansion  of  the  two  phases,  absorption  characteristics  and  fiber- 
matrix  solubility  as  well  as  other  factors. 

In  the  development  and  application  of  fiber  composites,  it 
is  useful  to  distinguish  and  classify  the  types  which  have  been 
fabricated  to  date.  For  purposes  of  discussion,  the  following 
four  broad  classifications  can  be  considered  as  basic  to  fibrous 
composites. 

1)  Organic  fiber  -  organic  matrix  (example,  automobile 
tires) 

2)  Inorganic  fibers  -  organic  matrix  (example,  glass  re¬ 
inforced  plastic) 

3)  Inorganic  fibers  -  inorganic  matrix  (example,  tungsten- 
copper  system) 

4)  Organic  fibers  -  inorganic  matrix  (example,  graphite 
ceramic  materials) 

The  above  remarks  serve  as  an  introduction  to  the  classifi¬ 
cation  and  understanding  of  composites,  in  general  and  some  of  the 
more  important  composites  presently  being  investigated. 

2.2  Composite  Materials  Fabrication 

In  the  fabrication  of  artificial  composites  by  incorporating 
reinforcing  filaments  and/or  whiskers  manually  into  organic  and 
inorganic  matrices,  attention  should  be  given  to  the  selection  of 
reinforcements  with  minimum  chemical  degradation,  maximizing 
filament  loading  efficiency.  To  achieve  these  aims,  several  tech¬ 
niques  are  available  for  fabricating  such  composites.  In  general. 
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great  reliance  must  be  placed  on  the  extent  and  limitations 
imposed  by  the  chemical  and  mechanical  bond  problems.  Some  of 
the  techniques  which  have  been  successfully  used  to  fabricate 
multiphase  composites  are  listed  below  and  details  can  be  found 
in  D-#  D-i  -3^  A  brief  summary  of  the  principal  techniques 
presently  being  used  is  included  below. 

Filament  Impregnation  -  In  this  process,  a  series  of  wire 
bundles  is  impregnated  with  an  appropriate  binder  material.  The 
system  is  formed  by  winding  filaments  on  a  mandrel  assembly  in 
order  to  insure  proper  spacing  and  separation  of  the  individual 
columns  and  layers  of  reinforcing  elements.  The  mandrel  assembly 
is  then  immersed  into  an  appropriate  liquid  binder  and  the  system 
allowed  to  furnace  cool  following  a  programmed  procedure.  In 
this  way  it  is  possible  to  form  continuous  and  discontinuous 
metal  and  non-metal  matrix  reinforced  systems. 

Vacuum  Infiltration  -  This  technique  utilizes  bundles  of 
filaments  which  are  passed  through  an  appropriate  liquid  metal 
bath  in  which  the  individual  filaments  are  wetted  as  they  pass 
through  the  bath  assembly.  Upon  removal  of  the  bundles  of  fila¬ 
ments  the  excess  material  is  removed.  Composites  with  high 
volume  fractions  of  reinforcing  constituents  have  been  formed  in 
this  particular  manner.  This  technique  appears  suitable  for 
lower  melting  temperatures  of  matrix  materials  but  at  higher 
temperatures  a  potential  danger  exists  in  deterioration  of  fiber 
properties  and  reaction  between  the  reinforcing  phase  and  matrix 
material. 

Electrodeposition  -  The  electrodeposition  technique  utilizes 
a  conducting  material  (cathode),  which  also  acts  as  a  supporting 
member,  immersed  in  an  electrolytic  bath.  An  anode  is  located 
a  short  distance  from  the  support  member  and  a  potential  differ¬ 
ence  applied  between  cathode  and  anode.  Filaments  for  the  resulting 
composite  are  wound  onto  the  mandrel  and  a  layer  of  the  anode 
material  is  deposited  on  the  mandrel,  forming  the  required  com¬ 
posite.  The  required  volume  fraction  of  fiber-matrix  ratio  is 
controlled  by  the  rate  of  deposition  of  binder  material  and  com¬ 
patibility  of  thermal  coefficients  of  potential  fiber-matrix 
materials . 

Powder  Metallurgy  -  In  this  technique  whi~kers  or  chopped 
fibers  are  selected  as  reinforcing  materials.  These  materials 
are  then  mixed  with  an  appropriate  powder  matrix  and  either  hot 
or  cold  pressed  under  high  pressure  to  consolidate  the  matrix 
material.  Some  of  the  fabrication  problems  which  must  be  consid¬ 
ered  in  using  this  technique  are  applying  pressures  such  that 
breakup  of  individual  whiskers  or  fibers  does  not  occur,  elimination 


of  porosity  effects  in  the  subsequently  formed  matrix,  and  the 
alignment  problem  of  orienting  the  whiskers  or  chopped  fibers  in 
an  appropriate  manner. 

In  situ  growth  -  In  this  technique  a  cylindrical  sample  is 
drawn  through  a  controlled  thermogradient  producing  a  unidirec- 
tionally  solidified  sample.  This  process  produces  a  reinforcing 
phase  which  does  not  depend  upon  man-made  handling  and  fabrica¬ 
ting  techniques  but  incorporates  the  essential  advantages  of 
chemical  and  mechanical  bonding  in  a  systematic  manner. 

Coextrusion  -  In  this  method  combined  elements  of  consti¬ 
tuents  are  passed  through  appropriate  dies  producing  an  extrusion 
consisting  of  reinforcing  phase  and  matrix  material.  Sheet  wire 
forms  have  been  obtained  in  this  particular  manner. 

Casting  -  In  this  technique  single  fibers  or  bundles  of 
fibers  are  appropriately  cast  through  a  molten  metal  bath.  The 
amount  of  material  deposited  upon  the  filaments  being  passed 
through  the  molten  bath  is  controlled  vby  the  speed  in  which  the 
fiber  is  processed.  In  this  way  a  regulated  and  continuing 
deposition  of  matrix  material  can  be  formed  on  the  appropriate 
fiber  arrangement.  The  filaments  produced  in  this  manner  are 
then  consolidated  to  form  the  resultant  composite  material. 

Plasma  Spray  Technique  -  In  this  technique  a  series  of 
fibers  is  wound  upon  a  rotating  mandrel  assembly  and  the  binding 
material  is  deposited  on  the  fibers  by  plasma  spraying  the  matrix 
material  directly  onto  the  mandrel  assembly.  A  second  layer  of 
wires  is  then  wound  and  the  spraying  technique  repeated  again. 

In  this  way  a  continuous  composite  material  is  formed  with  num¬ 
bers  of  layers  depending  upon  the  desired  thickness  and  resultant 
design  properties. 

niffusion  Bonding  Method  -  In  this  technique  the  appropriate 
layers  of  filament  materials  are  prewound  and  infiltrated  in  desired 
thicknesses  with  matrix  material  is  then  subjected  to  combinations 
of  nigh  pressure  and  plastic  deformation  to  yield  the  desired 
composite  structural  shape.  One  of  the  interesting  features  of 
this  technique  is  that  it  is  commercially  adaptable  and  provides 
use  of  alternate  layers  of  matrix  sheet  and  material  properties. 

Some  of  the  other  useful  techniques  that  have  been  used  in 
forming  composites  are  rolling,  vapor  deposition,  and  pneumatic 
impaction. 
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2.3  Composite  Dynamic  Materials  Properties 

In  evaluating  the  performance  characteristics  of  inorganic 
and  organic  matrix  systems  many  factors  may  be  influential  in 
determining  the  overall  material  response.  Some  factors  which 
can  be  cited  are,  constituent  mechanical  properties,  chemical 
and  mechanical  bonding  of  constituent  and  matrix,  and  such  geo¬ 
metrical  properties  as  size,  shape,  and  orientation  of  reinforce¬ 
ments.  In  addition,  the  influence  of  crack  initiation  and 
propagation  tnrough  both  continuous  and  discontinuous  reinforced 
composite  behavior.  The  ultimate  objective  of  such  investigations 
is  to  predict  from  a  micromechanical  model  the  overall  system 
performance.  This  implies  an  understanding  and  ability  to 
project  composite  performance  from  the  individual  constituent 
properties. 

For  non-metal  matrix  composites  stress  analysis  procedures 
presently  consider  the  constituent  reinforcing  phase  and  the 
matrix  phase  as  elastic-plastic  £35-56]  .  A  refinement  of  these 
principles  to  include  the  visco  elastic-plastic  non-metal  matrix 
system  has  been  obtained  in  [57-6(3  .  Both  linear  and  nonlinear 
response  of  such  systems  has  been  considered  in  the  analytical 
predictions. 

It  is  known  that  the  essential  features  of  the  static  ana¬ 
lysis  can  be  extremely  useful  in  studying  dynamic  properties. 
However,  the  dynamic  influences  are  often  of  an  entirely  different 
nature  and  such  properties  as  measured  in  terms  of  mechanical 
properties,  and  failure  modes  may  be  significantly  different 
from  static  behavior.  Investigations  into  such  dynamic  proper¬ 
ties  for  composite  materials  considering  both  analytical  and 
theoretical  work,  have  been  of  recent  interest.  Since  the  dy¬ 
namic  properties  evaluation  and  wave  propagation  phenomena  are 
interrelated  in  that  one  requires  a  prior  understanding  of  the 
other,  interests  in  both  is  of  importance  for  understanding 
multi-phase  material  behavior. 

A  general  survey  of  the  ballistic  impact  area  is  included 
in  (j6 1]  .  To  obtain  information  on  dynamic  properties  from 
analytical  investigations,  some  work  has  been  done  on  wave 
propagation  in  stratified  media  in  the  geophysics  and  geological 
areas  [62-653  •  Further  work  on  layered  homogeneous  and  non- 
homogeneous  elastic  media  is  contained  in  [62-72] .  For  materials 
of  an  anisotropic  nature,  references  [73-75|  provide  information 
on  analytical  investigations  of  wave  propagation  phenomena.  In 
general,  such  analytical  results  suggest  possible  control  of  the 
spalling  and  fragmentation  problem,  depending  upon  the  material 
reinforcing  layers,  types  of  material,  thickness  of  material. 
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and  other  important  properties.  The  effect  of  wave  reinforce¬ 
ment  and  dispersion  on  wave  propagation  in  fiber-reinforced 
composites  has  been  treated  to  some  extent  in  [75-79} .  These 
results  continue  to  prove  encouraging  and  suggest  the  potential 
use  of  such  composites  for  controlling  spall  and  fragmentation. 

To  experimentally  explore  3ome  of  the  dynamic  properties  of  ma¬ 
terials,  several  symposia  have  been  devoted  to  such  studies  for 
monolithic  materials,  [80-8jQ  . 

One  of  the  more  useful  tools  for  studying  such  dynamic 
properties  has  been  the  Split  Hopkinson  Pressure  Bar  |84"8iJ  • 

This  device  has  been  used  to  study  the  dynamic  mechanical  pro¬ 
perties  of  conventional  engineering  materials  and  more  recently 
extended  to  include  time-dependent  materials  as  well  ^88}  . 
Application  of  this  technique  to  composite  materials  is  quite 
limited  and  the  results  presented  in  this  report  add  appreciably 
to  the  body  of  data  available.  Some  experimental  results  using 
this  system  are  reported  on  metal  powder-epoxy  systems  in  [89]  . 

In  addition  to  the  Hopkinson  Pressure  Bar  some  experimental  work 
on  dynamic  compressive  properties  of  potential  matrix  materials 
is  reported  on  in  [9o]  . 

A  limited  study  of  the  wave  propagation  and  dynamic  modulus 
measurements  of  fibrous  and  particle  reinforced  composite  mate¬ 
rials  has  also  been  used  recently  and  good  correlation  with 
analytic  predictions  have  been  achieved  in  [ 94-94]  . 

2.4  Composite  Failure  Dynamics 

The  development  of  analytical  and  experimental  tools  to  in¬ 
vestigate  the  impact-fracture  dynamics  of  monolithic  materials 
has  progressed  at  an  increasing  rate  in  recent  years.  Some  basic 
references  on  this  subject  are  included  in  [97-100]  . 

As  in  the  case  of  dynamic  material  properties,  the  impact- 
fracture  dynamic  characteristics  of  fiber  reinforced  composites 
are  only  of  recent  interest  and  investigation.  For  the  case  of 
static  failure,  some  work  which  as  been  done  in  this  area  for 
continuous  and  discontinuous  fiber  composites  is  cited  in  [lOl- 
108]  .  Some  of  the  important  failure  characteristics  are  filament 
debonding,  filament  buckling  (microinstability) ,  filament  sliding, 
filament  fracture,  shear  buckling  (combination  of  matrix  shear 
and  fiber  buckling),  and  associated  phenomena.  All  the  above 
elements  play  an  important  role  in  predicting  failure  behavior 
of  continuous  and  discontinuous  composites  under  quasi-static  loads. 
In  addition,  the  important  parameter  of  critical  fiber  length  to 
diameter  becomes  significant  in  determining  failxire  and  reinforc¬ 
ing  action  of  fibers  [lOlJ  . 
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The  limited  data  available  on  dynamic  and  impact  phenomena 
indicate  that  laminar  composites  have  potential  usefulness  as 
high  energy  absorbing  materials  based  on  the  ability  of  the 
material  to  restrain  crack  propagation  by  its  oriented  nature 
[l09] .  Studies  on  fiberglass  reinforced  plastic  have  been  con¬ 
ducted  and  the  penetration  resistance  of  such  materials  found 
to  be  high  based  on  their  weight  efficiency  as  compared  to  steel 
in  stopping  small  caliber  projectiles  [llOj  .  An  extension  of 
this  concept  to  ceramic  and  plastic  composites  has  proven  useful 
for  lightweight  armor  systems  [lll-ll<Q  .  A  further  discussion 
of  the  potential  usefulness  of  ceramic  materials  in  armor  systems, 
including  performance  characteristics,  correlation  studies  of 
important  material  properties,  and  optimization  characteristics 
is  discussed  in  [115-122]  .  Other  dynamic  failure  studies  have 
been  made  on  the  deformation  properties  of  skeletal  composites 
in  [1233  .  In  addition,  impact  fracture  characteristics  in  fila¬ 
ment  reinforced  tank  materials  have  been  studied  by  [l24]  ,  and 
comparison  with  conventional  materials  made.  Some  additional 
studies  conducted  at  very  high  impact  velocities  on  conventional 
stainless  steel  materials  with  composite  reinforcements  have 
been  reported  on  in  [12S]  . 

At  the  present  time  the  use  of  composite  materials  in 
dynamic  applications  can  be  characterized  as  a  rapidly  develop¬ 
ing  field  of  great  promise  but  severely  limited  by  the  paucity 
of  basic  information  on  the  dynamic  materials  properties  and 
fracture  behavior  of  material  of  maximum  interest. 
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SECTION  III 


MATERIALS  AND  PROCEDURES 


This  section  deals  with  materials  selection,  fabrication,  and 
testing  methods. 

3.1  Materials  Selection  and  Fabrication 

The  types  of  filamentary  composite  materials  selected  for 
this  work  are  shown  in  Table  I. 

TABLE  I.  SELECTED  TYPES  OF  FILAMENT/WHISKER  REINFORCED  COMPOSITES 


Composite 


Vilament/Whisker  Matrix 


Type  of 
Reinforcement 


Metal/Non-Metal  Steel  Filaments  Epon  828 

Ductile 


Continuous 


|  Non-Metal/ 

\  Non-Metal 

Glass  Filaments 
Brittle 

Polyester 

Brittle 

Continuous 

» 

f  Metal/Metal 

Tungsten  Filaments 

Copper 

Continuous 

i 

Ductile 

Ductile 

i  Metal/Metal 

AljNi  Whiskers 
Brittle 

Aluminum 

' Discontinuous' 

Composite  Fabrication 

In  order  to  conduct  these  studies,  it  was  necessary  to  dev¬ 
elop  the  capability  for  fabricating  selected  composite  systems 
in  the  laboratory.  This  was  due  to  the  fact  that  desired  control 
in  representative  material  samples  of  size  of  reinforcing  ele¬ 
ments,  volume  percent  reinforcement,  spacing  and  geometry  was  not 
commercially  available  for  several  of  the  model  systems  selected 
for  this  investigation.  Thus,  a  significant  effort  has  been  de¬ 
voted  to  producing  sample  specimens  with  high  degrees  of  uniform¬ 
ity  and  reproducibility.  The  following  paragraphs  describe  the 
fabrication  procedures,  as  applicable,  for  the  selected  composite 
materials . 

3.1.1  Steel  Epoxy 

The  selection  of  this  system  for  potential  investigation  was 
based  on  the  availability  of  the  constituent  materials  and  the 
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ability  to  control  the  material  geometry.  The  steel  wire  rein¬ 
forced  epoxy  composites  utilized  in  this  program  were  fabricated 
using  a  winding  machine  developed  specifically  for  this  program. 
The  winding  apparatus  was  designed  to  produce  twenty  cylindrical 
specimens  with  nominal  dimensions  of  .375  inch  diameter  by  .500 
inch  length.  Specimens  were  wound  for  three  different,  wire  sizes 
and  two  volume  percents. 

To  obtain  the  desired  filament  packing  for  a  square  array, 
the  volume  percent  of  fiber  reinforcement  was  calculated  using 

V  =  %  Df  x  100 
*  s2 

where  Df  is  the  diameter  of  the  filament  or  wire  and  s  is  the  cen¬ 
ter  to  center  spacing  of  the  wires  in  a  row  or  column.  The  spac¬ 
ing  can  then  be  obtained  in  terms  of  the  required  volume  percent 
using 

u  i 

s  =  892  Df  Vf  =  ft 

where  N  is  the  number  of  filaments  per  inch. 

The  above  equation  was  plotted  for  selected  wire  diameters 
given  in  Table  II  with  the  tabulated  number  of  filaments  per  inch 
used  for  the  winding  machine  design. 

TABLE  II.  FILAMENT  SPACING  FOR  VOLUME  PERCENT  AND  WIRE  DIAMETER 


wire 

Dia . 

Vf  =  10% 

Vf  =  26% 

.004 

inches 

90.0 

144.0 

.008 

inches 

45.0 

72.0 

.016 

inches 

22.0 

36.0 

All  wires  were  wound  around  a  flat  mandrel  with  nominal  di¬ 
mensions  of  0.375  by  1.625  by  2.50  inches  with  0.125  inch  thick 
end  plates.  This  mandrel  and  assembly  is  shown  in  Figure  1  where 
it  is  labeled  A.  A  threaded  shaft,  labeled  B,  of  36  threads  per 
inch,  was  used  to  guide  the  filament  onto  the  mandrel.  The  fila¬ 
ment  was  guided  onto  the  shaft  by  a  pulley,  c,  which  was  carried 
by  the  shaft.  The  gears,  D,  could  be  changed  to  provide  a  wide 
ratio  of  mandrel  speed  to  threaded  shaft  speed,  thereby  changing 
the  number  of  filaments  per  inch.  The  figure  shown  displays  a 
system  with  gears  having  a  2:1  ratio  corresponding  to  a  particu¬ 
lar  number  of  wires,  wire  diameter  and  volume  percent  of  rein¬ 
forcement  as  found  in  Table  II. 
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Figure  1  Mandrel  and  Wire  Spacing  Apparatus 


Figure  2  shows  the  complete  winding  apparatus.  The  mandrel 
was  driven  by  a  50:1  right  angle  speed  reducer,  E,  which  was  pow¬ 
ered  by  a  ^  hp  electric  motor,  F,  which  has  a  variable  speed  of 
500  to  5000  RPM  and  a  reversing  feature.  In  the  left  side  of  the 
picture  is  the  wire  spool,  G.  Filament  tension  was  controlled  by 
means  of  a  teflon  coated  cable,  properly  weighted  and  wrapped 
around  the  pulley,  H.  The  tension  was  varied  through  a  wide  range 
by  adding  or  removing  weights  attached  to  the  cable. 

The  specific  winding  procedure  used  was  as  follows:  (a)  the 
mandrel  was  placed  in  the  winding  machine  and  the  guide  pulley 
positioned  to  place  the  wire  at  the  end  of  the  mandrel;  (b)  the 
wire  was  secured  through  a  slot  in  the  end  plate  and  the  motor 
turned  on  to  begin  winding;  (o'.  wire  tension  was  adjusted  tc  give 
the  maximum  possible  tension  without  breakage;  (d)  after  complet¬ 
ing  the  wire  layer,  the  wire  was  secured  at  the  other  end  and  the 
motor  reversed  to  reposition  the  pulley  for  the  next  layer;  (e) 
finally,  a  preformed  shim  of  the  correct  thickness  was  placed  a- 
round  the  rounded  ends  of  the  mandrel  in  order  to  provide  proper 
spacing  between  the  filament  layers. 

Sufficient  layers  were  wound  on  the  mandrel  to  deposit  a 
depth  of  filaments  of  about  7/16  inches.  The  mandrel  was  then  re¬ 
moved  and  cleaned  in  a  trichrolethelene  vapor  degreaser.  After 
cleaning,  it  was  placed  in  an  oven  at  150°F  for  1/2  hour  to  remove 
all  traces  of  cleaning  solvent,  and  to  further  prepare  the  fila¬ 
ment  assembly  for  impregnation  in  the  epoxy  resin. 

o 

The  Shell  Epon  828  Resin  was  heated  to  a  temperature  of  150  F 
and  mixed  thoroughly  with  12  parts  per  hundred  of  curing  agent  400 
(formerly  curing  agent  D) .  The  mixture  was  then  de-aired  for  15 
minutes  in  a  vacuum  chamber  at  0.6  in.  Hg  absolute.  After  raising 
the  vacuum  to  about  4  in.  Hg,  the  pre-heated  mandrel  was  lowered 
very  slowly  into  the  resin  in  order  to  avoid  air  entrapment.  When 
fully  immersed,  the  vacuum  was  released,  and  the  resin  container 
with  submerged  mandrel  then  removed  and  placed  in  an  air  circulat¬ 
ing  oven  at  150°f.  A  two-hour  time  limit  was  imposed  for  proper 
resin  cure.  The  oven  heat  was  then  turned  off  and  the  resin  block 
allowed  to  cool  slowly  to  room  temperature  in  order  to  minimize 
the  effects  of  thermal  shrinkage. 

The  composite  was  then  carefully  cut  and  sanded  out  of  the 
resin  block.  The  end  plates  were  removed  next,  and  then  the  steel 
mandrel  drilled  and  pressed  out.  The  semi-circular  ends,  contain¬ 
ing  the  shims,  were  then  cut  off  leaving  two  composite  blocks 
about  7/16"  thick,  1-5/8"  wide  and  2"  long.  These  were  then  cut 
into  six  strips,  7/16"  by  7/16"  by  2"  long,  and  ground  to  form  dow¬ 
els  3/8"  in  diameter  by  2"  long.  The  dowels  were  then  cut  and  the 
ends  ground  flat  and  square  to  give  a  total  of  18  specimens,  each 
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specimen  being  0.375  inches  in  diameter  by  0.500  inches  long.  Two 
mandrels  were  wound  for  each  desired  wire  size  and  volume  fraction, 
to  give  36  specimens  of  each  selected  type.  Typical  specimens  for 
a  ten  volume  percent  composite  system  with  varying  wire  size  are 
shown  in  Figures  3  through  5 . 

3.1.2  Fiberglass 

Cylindrical  rods  of  this  material,  having  a  diameter  of 
0.375  +  0.001,  were  purchased  from  Plastic  Rod,  Inc.  The  glass 
reinforcements  represented  61%  by  volume  fraction  of  reinforcing 
material  and  filament  diameters  were  of  the  order  of  0.000037". 


3.1.3  Tungsten/Copper 


In  order  to  fabricate  this  system,  the  method  of  liquid  in¬ 
filtration  was  used  for  casting  the  specimens.  A  mandrel  of 
tungsten  wire,  wound  in  the  manner  described  for  the  steel-epoxy 
system,  and  pure  copper  pellets  were  placed  in  a  graphite  cruci¬ 
ble.  The  crucible  was  placed  in  a  vacuum  furnace  with  maximum 
operating  conditions  of  10“^  torr  pressure  at  3100°F.  For  the 
specimens  fabricated  in  this  program,  the  crucible  assembly  was 
subjected  to  a  pressure  of  10~^  torr,  with  no  heating  for  24  hours, 
This  procedure  removed  the  air  from  the  furnace  and  prevented  ox¬ 
idation  of  the  tungsten  wire  at  elevated  temperatures.  The  heat¬ 
ing  element  was  then  used  to  bring  the  furnace  up  to  1500°F  in  a 
time  of  thirty  minutes.  At  this  point,  the  pressure  in  the  fur¬ 
nace  chamber  was  increased  to  10-3  torr  to  prevent  vapor  deposi¬ 
tion  of  the  copper  on  the  chamber  walls.  As  the  temperature  was 
increased  to  2200°F,  inert  gas  (argon)  was  used  to  keep  the 
vapor  pressure  at  10  torr.  The  furnace  was  held  at  a  tempera- 
turg  of  2200^F  and  10“^  torr  for  one  hour,  and  then  reduced  to 
500  F  at  10“  torr  in  four  hours.  The  copper  billet  was  then  re¬ 
moved  from  the  crucible  for  machining. 


Time  limits  made  it  impossible  to  obtain  specimens  of  suf¬ 
ficiently  high  quality  to  justify  testing  during  the  current  pe¬ 
riod.  This  work  will  be  continued  in  the  next  phase  of  the  pro¬ 
gram. 


3.1.4  Aluminum-Nickel 

Of  the  composites  selected  for  initial  evaluation  in  this  ex¬ 
perimental  program,  this  system  is  the  only  one  in  which  the  re¬ 
inforcing  phase  does  not  require  special  design  procedures.  In¬ 
deed,  in  this  composite  system  the  whisker  reinforcements  are 
grown  in  situ  in  the  material  during  the  processing  phase.  A  de¬ 
tailed  description  of  the  laboratory  procedures  for  producing 
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this  type  system  is  described  elsewhere  [7]  .  Briefly,  however  the 
method  is  based  on  metallurgical  observation  of  unidirectional 
solidification  of  single  phase  alloys.  It  is  known  that  controll¬ 
ing  the  heat  flow  to  essentially  one  direction  during  the  solidi¬ 
fication  process  produces  a  planar  liquid-solid  interface.  This 
principle  has  been  applied  to  eutectic  alloy  systems  resulting  in 
the  establishment  of  a  liquid  planar  interface.  The  passage  of 
this  interface  through  the  melt  produces  an  anisotropic  phase 
mixture  with  a  particular  morphology  (substructure)  consisting  of 
reinforcing  whiskers  and  platelets  of  approximately  micron  size. 

3.2  Dynamic  Materials  Properties  Testing 

The  representative  fiber  and  whisker  reinforced  specimens 
have  been  compression  tested  at  varying  load  and  strain  rates. 

The  selection  of  this  mode  of  loading  has  been  dictated  by  the 
complementing  fracture  studies  presented  elsewhere  in  this  report. 
The  specimens,  as  used  in  the  test  program,  have  been  well  lubri¬ 
cated  at  their  end  faces  with  molybdenum  disulfide  compound  in 
order  to  minimize  end  friction. 

3.2.1  Tinius  Olsen  Testing  Machine 

In  order  to  determine  the  material  response  characteristics 
of  the  low  strain  rates  (10~  -  10“  in/in/min)  a  Tinius-Olsen 

U-Celtronic  Testing  Machine  has  been  U3ed.  In  these  tests  stress 
(load)  is  measured  by  a  bonded  strain  gage  load  cell  and  strain 
measurements  are  based  on  the  distance  between  crossheads  as  de¬ 
termined  by  an  Olsen  Type  D  Def lectometer . 

3.2.2  Split  Hopkinson  Pressure  Bar 

2  For  ^xamining  composite  response  at  the  higher  strain  rates 
(10  -  10J  in/in/sec)  a  Split  Hopkinson  Pressure  Bar  system  has 

been  used.  This  device,  which  utilizes  measurements  of  elastic 
waves  in  hardened  steel  pressure  bars  to  determine  the  relative 
motion  of  the  two  faces  of  the  test  specimen  and  the  associated 
stress,  has  been  described  fully  by  Lindholm  [86]  and  will  not  be 
described  in  detail  here. 

3.3  Fracture  Dynamics  Testing 

In  order  to  study  the  fracture  failure  behavior  of  the  repre¬ 
sentative  composites  selected  for  study,  an  air  gun  system  modi¬ 
fied  from  that  developed  in  [126]  was  designed  and  assembled.  The 
system  consists  of  the  following  components:  the  air  gun,  control 
panel  and  related  equipment,  a  velocity  measuring  system  and  a 
high  speed  photographic  system  for  recording  the  impact  event. 
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The  complete  gun  system  is  shown  in  Figure  6. 

The  air  gun.  A,  consists  of  two  concentric  cylinders  having 
a  piston  at  one  end  of  the  inner  cylinder  serving  as  a  quick  act¬ 
ing  valve  between  the  outer  storage  cylinder  and  the  72-inch  long 
gun  barrel,  B.  In  operation,  the  inner  cylinder  valve,  C,  is 
closed  and  the  inner  cylinder  pressurized  from  a  storage  tank,  D. 

By  means  of  the  control  panel,  E,  air  is  then  admitted  to  the  outer 
cylinder,  A.  Sudden  release  of  the  air  from  the  inner  cylinder 
causes  the  piston  valve  to  rapidly  admit  the  air  stored  in  the 
outer  cylinder  to  the  barrel  and  to  propel  the  projectile  into 
the  massive  target  block,  F .  A  movable  shield,  G,  was  placed  a- 
round  the  target  block,  F,  during  testing  for  safety  purposes, 
as  well  as  to  insure  capture  of  the  fired  projectile.  In  addi¬ 
tion,  the  non-transparent  walls  of  the  shield  were  lined  with 
styrofoam  to  minimize  secondary  damage.  All  projectiles  used  in 
this  air  gun  assembly  were  muzzle  loaded  by  moving  t.he  target 
block  assembly.  The  air  gun  was  designed  for  a  maximum  operating 
pressure  of  2500  psi  and  has  been  hydrotested  to  that  pressure, 
with  no  observable  permanent  deformation. 

The  velocity  was  determined  by  measuring  the  time  taken  for 
the  projectile  to  cut  two  parallel  light  beams  4.00  inches  apart. 
The  light  sources,  H,  emitted  light  beams  through  3/8  inch  diam¬ 
eter  holes  in  the  scatter  shield  and  were  monitored  by  high  gain 
cells,  I.  The  output  of  the  first  two  photocells  was  displayed 
on  a  Tektronix  Type  549  storage  Oscilloscope,  J,  which  was  also 
connected  to  an  electronic  counter,  K.  In  use,  the  counter  gives 
the  time  in  microseconds  for  the  projectile  to  travel  4.00  inches. 
The  oscilloscope  display  was  used  as  a  check  on  the  counter,  for 
adjustments  of  light  intensity  and  other  checks. 

Photographs  of  the  impact  events  were  obtained  using  a  TRW 
Sub-Microsecond  Framing  Camera,  L.  This  image  converting  type 
camera  takes  five  frames  with  exposure  times  from  10  to  200  nano¬ 
seconds  and  interframe  delays  from  1  to  20  microseconds.  A  light 
source  and  photocell  about  1.5  inches  from  the  target  were  used 
to  trigger  a  Tektronix  Type  556  Dual  Beam  Oscilloscope,  M.  The 
oscilloscope  triggered  a  Honeywell  600  photo  flash,  N,  with  zero 
delay,  and  then  triggered  the  camera  for  the  first  frame  after  a 
delay  of  20  to  200  microseconds,  depending  on  the  velocity  of  the 
test.  The  pictures  were  recorded  on  Polaroid  film. 

Since  the  oscilloscope  delay  time  had  to  be  set  before  each 
test,  it  was  necessary  to  know  the  velocity  which  would  be  ob¬ 
tained.  This  was  determined  by  conducting  a  series  of  tests  at 
various  pressure  using  projectiles  of  different  weight.  A  cali¬ 
bration  curve  was  then  made  from  which  the  velocity  could  be 
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accurately  predicted.  Figure  7  shows  the  pressure-velocity  rela¬ 
tionship  for  projectiles  of  several  different  weights  and  the  ve¬ 
locity  predicted  using  the  theoretical  relationship 

v  = 

where  v  is  the  velocity,  P  the  outer  cylinder  pressure,  A  the  area 
of  the  projectile,  L  the  barrel  length  and  w  the  projectile 
weight.  From  the  figure,  it  is  seen  that  the  above  theoretical 
relationship  is  inadequate  to  predict  projectile  velocity.  The 
experimentally  derived  curves,  however,  could  be  used  with  an  er¬ 
ror  of  less  than  2%  due  to  the  excellent  reproducibility.  The 
discrepancy  in  the  predicted  and  actual  velocity  is  probably  due 
to  neglecting  projectile  friction,  internal  losses  in  the  pres¬ 
surizing  air,  particularly  at  the  barrel  inlet,  and  air  pressure 
build-up  ahead  of  the  projectile  as  it  moved  through  the  rela¬ 
tively  long  barrel. 

The  barrel  inner  diameter  for  the  above  mentioned  figure  was 
0.388  inches,  while  the  projectile  diameter  was  0.375  +  0.001.  This 
large  clearance  was  found  necessary  from  a  previous  series  of  tests 
with  a  barrel  of  the  same  length  but  with  a  diameter  of  0.500 
inches.  Initial  testing  with  close  fitting  projectiles  showed  a 
prohibitively  large  velocity  scatter  for  equal  pressure  tests.  A 
series  of  aluminum  projectiles  were,  therefore,  made  having  var¬ 
ious  diameters  and  tested  at  a  pressure  of  400  psi.  The  results 
are  shown  in  Figure  8.  It  is  seen  that  the  velocity  was  strongly 
dependent  on  the  projectile  fit  when  the  projectile  diameter  was 
nearly  the  same  as  the  barrel  diameter,  and  that  large  scatter  re¬ 
sulted.  For  projectiles  0.013-0.017  inches  undersize,  however, 
the  velocities  were  nearly  equal  and  had  little  variation.  Ar. 
excessively  loose  fit  was  found  to  be  a  cause  of  tumbling  of  the 
projectile  and  so  a  projectile  0.013  inches  undersize  was  used  for 
the  composite  projectiles  tests. 

The  original  barrel  with  0.500  inch  diameter  was  designed  for 
use  with  a  sabot  and  a  3/8"  diameter  projectile.  This  technique 
would  increase  the  maximum  velocity  obtainable.  In  practice,  it 
was  found  difficult  to  strip  the  sabot  from  the  projectile  at  the 
muzzle  without  touching  or  tumbling  the  projectile.  For  this  rea¬ 
son,  and  since  the  velocities  required  in  the  present  program  were 
easily  attainable  with  a  smaller  barrel,  the  0.388  inch  diameter 
barrel  was  fabricated  and  used  for  the  composite  projectile  tests. 
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SECTION  IV 


RESULTS  AND  DISCUSSION 


4.1  Dynamic  Compressive  Properties 

A  discussion  of  results  for  each  of  the  composite  materials 
tested  is  presented  below. 

4.1.1  Steel-Epoxy 

A  principal  part  of  the  present  investigation  has  involved 
a  series  of  tests  on  a  representative  continuous  inorganic  re¬ 
inforced  organic  matrix  composite,  a  steel-epoxy  system.  This 
model  system  was  selected  for  study  based  on  the  relative  ease 
of  controlling  fabrication  processing  as  compared  with  other 
systems.  For  the  steel-epoxy  series  of  tests,  different  re¬ 
inforcement  volume  fractions  and  different  wire  sizes  were  select¬ 
ed  for  optimization  and  characterization  purposes  (see  Table  II) . 

A  summary  of  the  appropriate  illustrations  showing  the  effects 
of  varying  these  parameters  is  shown  in  Figures  9  through  20. 
Figures  9  through  13  illustrate  the  stress-strain  characteristics 
c's  a  function  of  strain  rate  with  filament  size  and  volume  percent 
reinforcement  as  parameters.  These  results  represent  the  average 
results  of  several  samples  tested  at  each  strain  rate.  It  is 
observed  that  in  each  case  the  smaller  wire  sizes  for  correspond¬ 
ing  volume  fractions  of  reinforcing  material  produce  higher 
stress  values.  Further,  as  expected,  increasing  the  volume  percent 
of  reinforcing  filaments  leads  to  higher  stress  values.  The 
stress  increase  with  decreasing  filament  size  is  attributed  to 
the  greater  amount  of  surface  bonding  area  between  filament  and 
matrix.  In  addition,  it  is  also  noted  that  for  a  constant  volume 
fraction  there  appears  to  be  an  optimum  wire  size  for  maximum 
reinforcing  action. 

In  this  sequence  of  curves  (Figures  9  through  13) ,  several 
curves  have  closed  points  associated  with  the  plotted  data. 

These  points  represent  selected  points  of  horizontal  tangency  and 
thus  of  maximum  stress  on  the  stress-strain  diagram.  In  the 
other  cases  the  specimens  were  not  deformed  to  sufficiently  large 
strain  to  reach  a  maximum  stress  and  a  strain  reversal  and  asso¬ 
ciated  horizontal  tangent.  The  strain  associated  with  this  stress 
maximum  is  here  denoted  the  critical  strain. 

Figures  14  and  15  are  plots  of  critical  strain  versus  corre¬ 
sponding  strain  rate,  with  filament  size  a  parameter  for  constant 
volume  percent  of  reinforcing  fiber.  These  data  were  obtained  by 
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Figure  11.  Stress-Strain  Curves  for  Steel-Epoxy  Composites 
Vf  =*  10%  Wire  Dla.  =  0.016  in. 
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Figure  13.  Stress-Strain  Curves  for  Steel-Epoxy  Composites 
=  26%  Wire  Dia.  =  0.016  in. 


KiRure  II.  (ritual  Strain  vs.  Strain  Hate*  For  Stool- l-Jpoxy  Composites 


selecting  the  strain  at  maximum  stress,  i.e.  that  corresponding 
to  the  horizontal  tangent  in  the  appropriate  3tress-strain  dia¬ 
gram,  and  plotting  the  results.  We  note  that  for  the  case  of 
steel-epoxy,  10%  volume  fraction,  the  material  became  more  brit¬ 
tle  with  increasing  strain  rate.  An  exact  trend  in  terms  of  the 
effect  of  wire  size  cannot  be  firmly  identified,  principally 
because  of  the  judgment  factor  in  selecting  the  amount  of  strain 
occuring  at  the  maximum  stress  level.  It  would  appear,  however, 
that  based  on  the  present  data  there  may  be  a  reduction  in  the 
critical  strain  with  increasing  wire  size. 

In  Figures  16  through  20  plots  of  stress  versus  strain  rate 
with  strain  as  a  parameter  are  shown.  These  results  indicate 
that  at  the  lower  strain  rates  there  is  a  minimal  effect  of 
strain  rate  (low  rate  sensitivity)  for  the  low  volume  percent 
materials.  However,  as  we  change  to  higher  volume  percents, 
there  appears  to  be  a  change  from  positive  to  negative  strain 
rate  sensitivity.  These  effects  are  further  demonstrated  in 
Figure  21,  which  shows  a  comparative  plot  of  maximum  stress 
versus  strain  rate  for  varying  wire  sizes  and  volume  percent  of 
materials  tested.  It  can  be  seen  that  for  an  8  mil  diameter  wire 
in  a  26%  volume  fraction  composite  we  have  a  negative  dependency 
on  strain  rate.  Further,  as  we  increase  the  wire  size  and  volume 
percent  of  reinforcing  material  we  find  that  a  transition  region 
develops  which  emphasizes  a  change  in  strain  rate  sensitivity  as 
a  function  of  stress  level.  This  is  readily  seen  once  again  in 
Figure  21,  which  summarizes  much  of  the  data  presented  in  Figures 
16  through  20  and  which  show  a  comparison  with  the  basic  epoxy 
system. 

In  Figure  22,  the  distinct  failure  modes  observed  for  the 
steel-epoxy  specimens  during  testing  at  varying  strain  rates  is 
documented.  The  figures  indicate  that  the  principal  mode  of 
failure  is  a  shear  type  failure  associated  with  fiber  buckling. 
Another  type  of  microinstability  failure  mode  has  been  observed, 
and  is  shown  in  Figure  22  for  the  10%  volume  fraction,  specimen 
with  0.016  inch  wire  diameter.  The  sinusoidal  variation  in  wire 
appearance  near  the  loaded  end  of  the  specimen  is  clearly  evi¬ 
dent.  There  appeared  to  be  no  appreciable  difference  in  failure 
modes  for  those  steel-epoxy  specimens  tested  which  had  fiber  end 
faults  (Figures  3  through  5) .  Indeed,  failure  appeared  to  be 
insensitive  to  the  inherent  material  faults  present. 

Representative  dynamic  stress-strain  curves,  as  obtained 
from  Hopkinson  Pressure  Bar  Tests  for  the  steel-epoxy  specimens 
as  shown  in  Figure  23.  Included  for  comparative  purposes  is 
data  on  a  pure  epoxy  specimen.  Specific  values  of  stress  and 
strain  levels  have  not  been  shown  since  these  require  appropriate 


36 


r,lJ  i  1 J  L\\  |(  :  Vi  Oil’ll  u;i'.lis  ■  >A  s’iii.liS  'll  *>.nV.- 


Figure  20.  Stress  vs.  Strain  Rate  with  Varying  Strain  Steel-Epoxy  Composites 


STEEL  EPOXY  COMPOSITES 
FAILURE  MODES 


* 

10% 
004  dia 


10% 

.008  dia 


26% 

.008  dia 


m 

AP 

10% 

.016  dia 


26% 

.016  dia 


Figure  22.  Steel-Fooxy  Composites.  Failure  Modes 
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calibration  factors.  The  curves,  however,  display  qualitatively 
the  nature  of  the  observed  dynamic  stress-strain  diagrams  as  a 
function  of  wire  size  and  volume  percent  wire  reinforcement. 

4.1.2  Fiberglass 

As  a  representative  composite  system  of  the  inorganic  matrix 
type,  reinforced  by  continuous  inorganic  filaments,  a  fiberglass 
system  was  evaluated.  The  particular  system  obtained  had  a 
volume  percent  of  reinforcing  filament  of  6196  fiberglass,  with 
fiber  diameter  of  approximately  0.000037  inches.  These  samples, 
as  previously  mentioned,  were  obtained  from  commercial  sources. 

As  in  the  preceding  case,  plots  of  stress  versus  strain,  critical 
strain  versus  strain  rate,  maximum  stress  versus  strain  rate,  and 
stress  versus  strain  rate  for  varying  levels  of  strain  are  shown 
in  Figures  24  through  27.  For  fiberglass  specimens,  it  is  appar¬ 
ent  that  there  is  considerable  strain  rate  sensitivity  at  the 
lower  levels  of  strain  rate,  with  a  reduction  in  this  sensitivity 
occurring  with  increasing  strain  rate.  In  addition,  as  in  the 
case  of  the  steel  reinforced  epoxy,  we  see  from  Figure  25  that 
the  critical  strain  diminishes  with  increasing  strain  rate.  This 
is  to  be  expected  as  the  material  becomes  embrittled  with  increas¬ 
ing  strain  rate.  In  Figure  26  we  note  the  increase  in  stress  with 
a  strain  rate  for  varying  levels  of  strain.  For  this  particular 
system  it  is  noted  that  there  is  considerable  variation  in  the 
strength  levels  at  the  corresponding  strain  levels  as  tested. 

This  is  due  to  the  steep  slope  of  the  stress-strain  curves  and 
the  resulting  sensitivity  of  the  stress  to  the  exact  strain  value 
used.  In  general,  the  static  and  dynamic  curves  had  the  same 
shape  and  failure  resulted  in  a  sudden  and  drastic  reduction  of 
load  carried  by  the  specimen  at  a  maximum  strain  of  approximately 
2%  in  all  samples  tested. 

The  failure  modes  of  the  fiberglass  specimens  are  documented 
in  Figure  28  for  the  various  strain  rates  tested.  The  brittle 
nature  of  the  fracture  behavior,  accompanied  by  large  segmented 
fragments  is  evident. 

A  typical  dynamic  stress-strain  curve,  as  obtained  in  a 
Hopkinson  Pressure  Bar  test,  is  shown  in  Figure  29.  Again,  spe¬ 
cific  values  of  stress-strain  levels  have  been  omitted.  The 
brittle  nature  of  these  composites  is  evident,  with  almost  com¬ 
plete  unloading  occurring  after  the  maximum  stress  has  been 
obtained.  The  low  strain  rate,  stress-strain  results  were  quite 
similar. 
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Fisrure  25.  Critical  Strain 


Figure  26.  Maximum  Stress  vs.  Strain  Rate.  Fiberglass  Composite 
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Figure  27.  Stress  vs.  Strain  Rate  with  Varying  Strain,  Fiberglass  Composite 
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Figure  28.  Fiberglass  Composites,  Failure  Modes 
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Figure  29.  Dynamic  Stress-Strain  Curve  for  Fiberglass 

Composite 
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4.1.3  Aluminum-Nickel  (Al-AljNi) 


Results  for  a  'discontinuous'  (the  meaning  of  'discontinuous' 
for  Al-Al^Ni  eutectic  systems  is  discussed  in  127  )  inorganic  re¬ 
inforced  Inorganic  matrix  composite,  represented  by  the  aluminum- 
nickel  samples,  are  shown  in  Figures  30  and  31.  Each  of  the  test 
in  this  sequence  was  carried  to  failure  and  the  terminal  points  on 
the  stress-strain  curve  shown  in  Figure  30  represent  the  actual  load 
reversal  in  the  stress-strain  diagram.  It  is  noted  that  the  stfess 
increases  with  strain  rate,  as  is  expected  from  conventional  predic¬ 
tions.  However,  the  failure  compressive  strain  at  the  low  strain 
rates  is  approximately  33%  less  than  the  corresponding  tensile 
strain  as  described  in  7  This  reduction  in  materials  strength 
is  believed  to  be  due  to  fiber  failure  mechanisms  operative  in  com¬ 
pression  that  are  not  important,  in  tension  However,  it  is  noted 
that  at  the  high  strain  rates  the  comoressive  stress  shows  an  in¬ 
crease  of  approximately  20%  over  typical  low  strain  rate  tensile 
test  results.  It  is  also  observed  from  Figure  29  that  the  material 
loses  its  limited  ductility  with  increasing  strain  rate,  becoming 
almost  linearly  elastic  to  failure  at  the  high  strain  rates. 

Figure  30  shows  stress  versus  strain  rate  curves  at  various 
strain  levels.  There  appears  to  be  a  change  in  the  strain  rate 
sensitivity  at  intermediate  strain  rates;  however,  presently 
available  test  equipment  did  not  allow  representative  data 
points  to  be  obtained  in  this  region,  and  thus  the  precise  nature 
of  the  rate  dependency  could  not  be  established. 

The  microstructure  of  the  aluminum-nickel  system  consists 
of  a  series  of  plate-like  and  rod-like  reinforcing  elements  of 
approximately  micron  size.  The  exact  nature  of  the  reinforce¬ 
ments  is  a  function  of  the  solidification  rate.  Tests  of  several 
substructures  produced  by  varying  solidification  rates  are  planned 
for  the  next  program  phase.  A  typical  dynamic  stress-strain 
curve  obtained  from  the  Hopkinson  Pressure  Bar  is  ah  ^wn  in  Figure 
32. 


4.2  Failure  Dynamic  Properties 

In  order  to  obtain  information  of  the  failure  characteristics 
of  the  various  composites  tested  in  dynamic  compression,  an  air 
gun,  described  in  Section  III  was  used.  Several  .important  speci¬ 
men  failure  characteristics,  particularly  critical  projectile 
velocity  and  qualitative  fracture  behavior  c-f  composites  based  on 
visual  records ,  were  sought . 

In  contrast  to  conventional  monolithic  materials,  the  com¬ 
pressive  failure  behavior  of  composites,  as  indicated  in  the 
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Figure  30.  Stress-Strain  tor  Aluminum  Nickel  Composite 
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Figure  31.  Stress  vs.  Strain  Sate  with  Varying  Strain, 
Alumi nun-  Nickel  Composite 


Figure  32,  Dynamic  Stress-Strain  curve  for 
Aluminum- Nickel  Composite 
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technical  background  section,  may  be  varied  and  complicated.  For 
the  steel  epoxy  composites,  two  distinct  types  of  failure  were  ob¬ 
served.  The  first  type  of  failure  was  associated  with  instability 
of  the  reenforcing  wires.  This  is  characterized  by  permanent 
bending  or  buckling  of  individual  filaments  and  occurs  at  the 
point  on  the  stress-strain  curve  where  maximum  stress  is  first 
attained  (horizontal  tangent) .  The  second  distinct  failure  type 
is  complete  fracture  and  fragmentation  of  the  projectile.  For 
this  case,  any  amount  of  fragmentation  was  considered  sufficient 
to  define  failure  with  the  exception  of  failure  occurring  along 
a  plane  containing  an  obvious  fault,  or  fragmentation  due  to 
assymetrical  impact  caused  by  tumbling  of  the  projectile. 

One  objective  of  the  present  test  program  was  to  attempt  to 
correlate  and  predict,  by  some  appropriate  calculation,  a  relation 
between  the  high  strain  rate  data  obtained  from  the  Hopkinson 
Pressure  Bar  tests  and  the  actual  failure  dynamic  studies  carried 
out  using  the  air  gun  assembly,  in  order  to  do  this,  several 
theoretical  approaches  were  examined  for  their  suitability  for 
making  such  predictions.  One  approach  was  based  upon  the  calcu¬ 
lation  of  a  critical  velocity  in  compression  for  the  specimens. 
This  wa3  based  on  the  momentum  principle  of  Von  Karman  ^983  devel¬ 
oped  originally  to  predict  critical  velocities  in  tension  from 
dynamic  stress-strain  data.  It  was  possible  to  utilize  this 
approach,  based  on  the  specific  deformation  characteristics  at  the 
high  strain  rates,  for  several  of  the  composites  studied  in  the 
present  investigation.  Based  on  this  momentum  approach,  calcula¬ 
tions  were  made  and  results  obtained  which  predicted  a  critical 
velocity  in  the  range  of  3,000-4,000  in/sec.  However,  one  of  the 
primary  difficulties  in  interpreting  this  result  was  a  specific 
characterization  of  the  type  of  failure  which  would  occur  at  this 
particular  velocity.  Specifically,  because  of  the  complicated 
nature  of  the  failure  of  composites,  it  was  difficult  to  select 
an  appropriate  criterion  for  defining  failure.  Therefore,  in  the 
present  investigation  failure,  as  previously  defined,  was  used 
for  calculating  critical  velocities. 

Considering  these  definitions,  a  simple  approach  based  on 
equating  impact  energies  to  specimen  energy  absorption  capability, 
as  determined  from  the  dynamic  stress-strain  data  obtained  by 
using  the  Hopkinson  Pressure  Bar  was  made.  A  tabulation  of  this 
data  for  steel-epoxy  composites  is  shown  in  Table  III.  In  addi¬ 
tion,  Figures  33  and  34  show  plots  of  the  critical  velocity  versus 
wire  diameter  for  two  volume  percents  of  the  steel  epoxy  series  of 
specimens.  The  solid  curves  represent  calculated  predictions 
while  actual  test  results  are  shown  as  data  points  for  the  various 
specimens.  It  is  noted  that  two  curves  are  shown,  one  for  the 
critical  velocity  (Vp)  and  one  for  (Vp)  as  previously  defined. 
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Critical  Velocity  x  10*  J  in/sec 


Figure  33.  Critical  Fracture  Velocity  vs.  Wire  Diameter 
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Figure  34.  Critical  Plastic  Flow  Velocity  vs.  Wire  Diameter 
for  Steel  Epoxy  Composites  =  10%,  26% 
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TABLT  III 


CRITICAL  VELOCITIES  FOR  STEEL-EPOXY  COMPOSITES 


Composite 

(VE^c 

(in/sec) 

(vf)c 

(in/sec) 

calc . 

meas . 

calc . 

meas . 

10%  -  .004  dia 

4500 

5000 

9880 

9000** 

10%  -  .008  dia 

5350 

6000* 

9860 

9050** 

1%  -  .016  dia 

5120 

5000 

8280 

ru 8250 

26%  -  .008  dia 

4350 

3800 

8100 

7500 

26%  -  .016  dia 

3890 

4000 

6300 

6000** 

♦Lowest  Velocity  Tested 
♦♦Highest  Velocity  Tested 


The  critical  velocity  labeled  (V  )  was  calculated  by  equat¬ 
ing  the  projectile  kinetic  energy  to  that  portion  of  the  Hopkinson 
Pressure  Bar  stress-strain  diagram  for  which  a  horizontal  line 
through  the  maximum  stress  _vel,  or  average  stress  level,  could 
be  determined.  The  complementary  critical  velocity  (Vf)c  relating 
to  composite  separation  or  delamination,  was  calculated  by  equat¬ 
ing  projectile  kinetic  energy  to  the  total  area  under  the  Hopkinson 
Pressure  Bar  stress-strain  diagram  to  failure.  It  should  be  noted 
that  the  strain  rates  in  the  gas  gun  experiments  were  approximate¬ 
ly  one  order  of  magnitude  greater  than  the  corresponding  Hopkinson 
Pressure  Bar  Data,  that  is  £air  gm-j  x  1G4  in/in/sec.  However, 
the  area  under  the  curve  is  sufficiently  insensitive  to  strain 
rate  that  the  pressure  bar  results  were  used  without  correction. 

From  these  data  we  observe  an  extremely  good  correlation 
between  predictions  and  test  results  for  early  specimen  failure 
and  ultimate  specimen  fracture.  In  both  cases  there  appears  to 
be  an  optimum  wire  size  for  a  particular  volume  percent  re¬ 
inforcement  which  will  generally  yield  an  optimum  critical 
velocity.  Further  documentation  of  these  results  is  shown  in 
Figures  35  and  36  which  show  the  specific  specimens  tested  for 
which  comparisons  were  made  and  the  deformation  characteristics 
obtained. 

For  all  the  specimens  which  were  tested  by  the  air  gun 
assembly,  a  high  speed  photographic  series  of  the  mushrooming 
failure  characteristics  plus  post  tes';  photos  were  taken.  These 
photo  sequences  were  then  used  to  determine  the  dynamic  failure 
mechanisms  and  to  compare  these  mechanisms  with  those  observed 
in  the  quasi  static  and  high  strain  rate  pressure  bar  tests. 

It  was  observed  that  for  the  steel  reinforced  epoxy  specimens 
considerable  heat  was  generated  upon  impact.  The  increase  in 
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STEEL  EPOXY  COMPOSITES 
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temperature  produced  a  reduction  in  strength  of  the  epoxy  matrix 
which  allowed  greater  deformation  of  the  specimens  that  would 
otherwise  occur.  However,  when  the  specimen  was  removed  from  the 
firing  range,  it  was  noted  that  the  specimen  had  relaxed  to 
nearly  its  original  shape  while  the  fiber  reinforcing  elements 
remained  in  their  buckled  position.  Also,  the  time  in  which 
the  steel-epoxy  specimens  remained  in  contact  with  the  target 
material  was  greater  than  for  conventional  monolithic  materials. 
Photographs  of  the  dynamic  fracture  behavior  of  these  composites 
are  shown  in  Figure  37.  The  failure  modes  observed  in  the  gun 
tests  appear  to  exhibit  several  features  distinct  from  those 
observed  in  the  Olsen  and  Pressure  Bar  tests.  However,  quanti¬ 
tative  evaluation  has  been  postponed  until  further  data  is 
obtained  in  the  next  phase  of  the  program. 

A  limited  number  of  aluminum-nickel  projectiles  were  fired 
at  a  rigid  target.  A  photographic  display  of  the  failure  behavior 
of  the  aluminum-nickel  material  as  compared  with  a  2024-T4 
aluminum  sample  is  shown  in  Figure  38.  As  can  be  seen,  there  is 
considerable  local  deformation  near  the  impact  face  of  nickel 
sample.  This  increased  localization  is  attributed  to  the  energy 
absorbing  effects  of  the  micron  size  reinforcing  elements  rotating 
and  sliding  through  the  matrix  material  in  the  local  impact  region. 
This  interpretation  seems  confirmed  by  the  lowest  strain  rate 
tests  which  showed  a  peculiar  localized  shear  deformation  near 
the  end  faces  which  occurs  for  such  a  reinforced  system.  Here 
also,  the  discontinuous?  reinforcing  elements  appear  to  slide  and 
rotate  with  respect  to  one  another  in  localized  slip  areas  near 
the  compressive  loading  regions. 

For  the  fiberglass  specimens.  Figure  34  shows  the  brush¬ 
like  failure  occurring  under  impact  of  the  composite  specimens. 

This  failure  appears  qualitatively  similar  to  the  behavior 
occurring  in  other  testing  procedure. 
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ALUMINUM-NICKEL  COMPOSITES 
Velocity  given  in  inches  per  second 


SECTION  V 


CONCLUSIONS 


The  dynamic  compressive  properties  of  steel  reinforced 
epoxy,  fiberglass,  reinforced  polyester  and  aluminum-nickel  re¬ 
inforced  aluminum  have  been  investigated  at  various  strain  rates. 
These  materials  are  representative  of  continuous  and  discontinu¬ 
ous'  reinforced  composite  systems  in  metal  and  non-metal  matrices. 
The  compressive  test  results  for  the  laboratory  prepared  steel- 
epoxy  specimens  showed  a  high  degree  of  reproducibility  and 
consistency. 

It  has  been  demonstrated  that  for  the  materials  tested,  a 
greater  degree  of  strain  rate  sensitivity  is  evidenced  at  the 
lower  values  ^10°  in/in/sec  and  less  at  the  higher  rates.  In 
addition,  an  apparent  transition  region  exists  for  the  steel- 
epoxy  specimens  with  increase  in  volume  percent  of  filaments 
as  a  function  of  strain  rate. 

Further,  distinct  shear  failure  modes  have  been  observed 
for  the  continuous  and  discontinuous*  filaments  as  a  function  of 
strain  rate.  For  the  steel-epoxy  specimens  a  shear  failure 
associated  with  filament  micro-instability  has  been  observed 
for  some  specimens.  The  apparently  consistent  mode  of  failure 
was  associated  with  local  filament  buckling  and  matrix  shear. 

The  fiberglass  specimens  showed  a  distinct  brush-like  failure 
associated  with  the  loaded  end  of  the  specimen.  For  the  dis¬ 
continuous  aluminum  nickel  system,  distinct  localized  shear 
failure  accompanied  by  rotation  and  lateral  slip  of  the  re¬ 
inforcing  elements  occurs. 

Studies  on  the  terminal  ballistics  problem  have  been  made 
and  results  show  the  particular  failure  and  fracture  characteris¬ 
tics  of  the  materials  tested.  An  investigation  of  methods  for 
predicting  composite  projectile  failure  from  dynamic  stress- 
strain  diagrams  has  been  demonstrated.  Equating  dynamic  kinetic 
energy  to  stored  energy  obtained  from  Hopkinson  Pressure  Bar 
studies  has  yielded  extremely  good  correlation  between  calculated 
and  observed  failure. 

• 

The  results  presented  in  this  report  certainly  must  be 
considered  as  preliminary;  however,  they  do  indicate  the  general 
nature  of  the  dynamic  failure  characteristics  of  several  repre¬ 
sentative  composites  and  will  serve  as  a  basis  for  further  studies 
designed  to  determine  the  suitability  of  composite  materials  for 
projectiles  and  other  dynamic  applications. 
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ballistics  behavior  of  composite  projectiles  with  their  dynamic  properties  has  been 
obtained  from  photographic  recordings  of  the  impact  event. 
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